We have conducted a pathway-based analysis of genome-wide single-nucleotide polymorphism (SNP) data in order to identify genetic susceptibility factors for cervical cancer in situ. Genotypes derived from Affymetrix 500k or 5.0 arrays for 1076 cases and 1426 controls were analyzed for association, and pathways with enriched signals were identified using the SNP ratio test. The most strongly associated KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways were Asthma (empirical P ¼ 0.03), Folate biosynthesis (empirical P ¼ 0.04) and Graft-versus-host disease (empirical P ¼ 0.05). Among the 11 topranking pathways were 6 related to the immune response with the common denominator being genes in the major histocompatibility complex (MHC) region on chromosome 6. Further investigation of the MHC revealed a clear effect of HLA-DPB1 polymorphism on disease susceptibility. At a functional level, DPB1 alleles associated with risk and protection differ in key amino-acid residues affecting peptide-binding motifs in the extracellular domains. The results illustrate the value of pathway-based analysis to mine genome-wide data, and point to the importance of the MHC region and specifically the HLA-DPB1 locus for susceptibility to cervical cancer.
Introduction
Cervical cancer is the second most common cancer among women worldwide with 274 000 deaths and 493 000 new cases in year 2002, 1 and the first cancer recognized by the WHO (World Health Organization) to be 100% attributable to infection with human papillomavirus (HPV). 2 Infection by HPV is very common, and most sexually active women have been infected during their lifetime. 3 Persistent infection by an oncogenic HPV is a necessary risk factor for developing cervical cancer, but only a minority of the infected women develop precancerous cervical lesions, and even fewer develop invasive cancer. This indicates that other risk factors, such as genetic predisposition, are also important.
Cervical carcinoma displays familial aggregation and a pattern of decreasing familial relative risk correlating with degree of biological relatedness, supporting the idea that genetic factors are a major cause of the familial aggregation. 4 The heritability in cervical cancer is of the same magnitude as seen for other common cancers. 5 A number of genetic risk factors have been identified, but the effects of these are generally weak. The most prominent among the known risk factors is the HLA class II DRB1-DQB1 haplotype, such as DRB1*1501-DQB1*0602 and DRB1*1301-DQB1*0603 associated with increased and decreased risk, respectively. [6] [7] [8] [9] [10] [11] [12] Most HPV infections are transient and cleared by the immune response, 13 but persistent infections may also clear and premalignant lesions may regress. This points to the importance of the immune response toward HPV infection in preventing carcinoma development and explains why genetic variations in genes of immunological pathways, in addition to the HLA class II genes, [6] [7] [8] [9] [10] [11] [12] are associated with in situ (2011) 12, 605 -614. and invasive cervical cancer. 9, [14] [15] [16] [17] [18] However, only a handful of the identified genes show a consistent effect in multiple cohorts, and thus additional risk factors for persistent infection and tumor development are likely to exist. Assuming that variation in genes with a specific function is of particular interest, there are several optional study designs. Wang et al. 15 studied the effect of 7146 tag single-nucleotide polymorphisms (SNPs) in 305 genes with a presumed function in DNA repair, viral infection and cell entry, on cervical cancer. The success of this approach relies on the criteria used for identification of candidate genes and on the SNP markers tagging functional variants of these genes. A more exploratory approach is to perform a genome-wide association study, which has been successfully used to identify genetic associations across a wide range of traits and disease entities. 19 The drawback of the genome-wide association study approach is that unless very large cohorts are used, the power to identify genetic associations is hampered by the need to correct for multiple testing. Even in diseases with a strong genetic component, the P-values for a number of true associations are likely to be below the threshold for genome-wide significance. A third approach, which combines the ability to examine sets of genes with a specific function with a scanning of the genome, is a pathway-based analysis. 20 A number of different approaches for pathway-based analyses have been developed, [21] [22] [23] with most of them based on calculating a P-value from genome-wide association study data for sets of genes involved in predefined functions, based on one or several annotation tools such as KEGG (Kyoto Encyclopedia of Genes and Genomes) 24 or Gene Ontology. 25 In the current study, we have explored a pathwaybased analysis using genome-wide SNP data for cases diagnosed with at least cervical cancer in situ and controls. This approach may provide insight into the enrichment of association signals in the context of biologically pathways, rather than individual loci.
Results
After quality control, the genome-wide data set used for analysis consisted of 326 977 markers genotyped in 1076 cases and 1426 controls. The cases were from families with several affected, and controls were merged from three previous studies. Figure 1 displays the first and second dimension of multidimensional scaling (MDS) analysis of cases and controls, and illustrates that the cohorts are drawn from the same population. Genomewide association was analyzed by logistic regression with the first two dimensions of multidimensional scaling analysis as covariates. After adjusting for genomic control (genomic inflation factor l ¼ 1.33), some systematic bias remained in the full data set, as illustrated by the quantile-quantile plot shown in Supplementary Figure 1 . The substructure in the data causing the systematic bias was due to the inclusion of familial cases as well as the fact that controls were genotyped on two different SNP arrays. Analysis of a data set consisting of only one case per family (n ¼ 617) and controls genotyped on the same array as the cases (n ¼ 512) eliminated the bias (genomic inflation factor l ¼ 1.00) but reduced the sample substantially, such that no associations with genome-wide significance were detected (Supplementary Figure 2) .
In order to explore the genome-wide data set in a functional context we performed pathway analysis. Permutation-based analysis using 216 KEGG pathways and the SNP ratio test resulted in three pathways with empirical P-values p0.05 (unadjusted for multiple comparisons). Table 1 summarizes the top-ranking pathways (empirical Po0.1), and details concerning associated SNPs and genes are provided in Supplementary Table 1 . The KEGG pathway with the strongest association was Asthma (empirical P ¼ 0.033), where the signal was derived from four SNPs in HLA-DPB1, two SNPs in HLA-DQA1 and one SNP in each of HLA-DOB, HLA-DQA2 and HLA-DRA. The second most significant pathway was Folate biosynthesis (empirical P ¼ 0.040) with five associated SNPs in ALPL and one SNP in QDPR. The third pathway was that of Graft-versus-host disease (empirical P ¼ 0.050) represented by four SNPs in HLA-DPB1, two SNPs in HLA-DQA1 and one SNP in FAS, HLA-A, HLA-DOB, HLA-DQA2, HLA-DRA and HLA-G. Of the 11 top-ranking pathways shown in Table 1 , 6 are related to the immune system: Asthma, Graftversus-host disease, Antigen processing and presentation, Allograft rejection, Staphylococcus aureus infection and Intestinal immune network for IgA production. The immune-related pathways all include HLA genes along with a number of other genes located within and outside the major histocompatibility complex (MHC) locus on chromosome 6 and are not mutually independent. The overlapping association signals between pathways consisted mainly of associations within the MHC.
Allele-based association analysis of the 728 SNPs on the array that were located in the MHC, adjusting for genomic control, yielded 126 SNPs with P GC o0.05 and 15 SNPs with P GC o1E-03 (Table 2 and Figure 2a ). The strongest association signal was derived from the HLA class II region, with 12 SNPs showing P GC o0.001 (Figure 2b) . Most of the associated SNPs were located downstream of HLA class II DPB1. The lack of signal for the DQB1 and DRB1 genes, well known to affect cervical cancer risk, is likely to reflect the lack of SNPs in these regions on the SNP arrays. In the HLA class I region, rs16899646, located 15 kb upstream of HLA class I histocompatibility antigen protein P5 and between MICA and MICB, was associated with P ¼ 0.0005. In the class III region, rs522162, located in the untranslated 3 0 region, and rs550513, located in an intron of the RD RNA binding protein, were both associated with P ¼ 0.0002. This locus is just downstream of Complement factor B preproprotein.
The effect of the strongly associated SNPs was confirmed in the stringent data set, restricted to one case per family (n ¼ 617) and controls genotyped on the same 
Figure 1 MDS plot of cases and controls included in the statistical analysis of the study. The graph plots the first and second dimensions of MDS analysis for each individual and illustrates the lack of population structure in the sample.
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array as the cases (n ¼ 512) (Supplementary Table 2 ). All SNPs in the HLA class II region remained significantly associated in this subset. The point estimates were similar and the 95% confidence intervals were somewhat wider as a result of reduced sample size. Restricting the analysis to all cases versus only female controls (n ¼ 250) did not affect the results; the effects were still similar and statistically significant (Supplementary Table 2 ). Because of the strong signal from parts of the MHC region that have previously not been firmly associated with cervical cancer, we investigated this further. Most of the significant associations were found for SNPs located 3 0 of the DPB1 gene. Haplotype analysis using 11 strongly associated SNPs (rs9277542, rs3128963, rs3128965, rs3128966, rs3117229, rs2179920, rs3128921, rs3128923, rs3117230, rs3128930 and rs872956) in a 29 kb region resulted in five distinct haplotypes (Table 3a) . The most common haplotype A was seen in 67% of cases and 74% of controls and associated with decreased risk (permuted Po1E-4). Haplotype B had a frequency of Results from allele-based association analysis (1 d.f.); P-values are corrected for genomic control (GC).
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19% in cases and 15% in controls and was associated with increased risk (permuted Po1E-4). The frequency of haplotypes C-E did not differ between cases and controls. Haplotype analysis in the restricted data set limited to one case per family and controls genotyped on the same array resulted in the same haplotype frequencies and an association with decreased risk for haplotype A (permuted P ¼ 0.0008). The frequencies of haplotype B in the restricted data set were also similar to the full data set, but the difference was not statistically significant, probably because of the smaller number of observations. To address whether the association was affected by linkage disequilibrium (LD) with DRB1/DQB1, the frequencies of the associated DPB1 haplotypes were assessed in cases carrying DQB1 risk alleles or alleles associated with protection (Table 3b ). The frequency of the protective DPB1 haplotype A was similar between cases carrying only DQB1 risk alleles and cases with only DQB1 protective alleles. The protective effect of the DPB1 haplotype was also visible in the group with neither risk nor protective DQB1 alleles, but could not be seen in the group with both risk and protective DQB1 alleles. A similar pattern was observed for the DPB1 haplotype B associated with increased risk. The observation that the DPB1 effects are seen in cases carrying DQB1 risk alleles as well as cases carrying DQB1 alleles that decrease risk argues that the DPB1 locus provides an independent effect.
In order to tie the association of haplotypes based on SNPs in the vicinity of DPB1 to the coding variation between DPB1 alleles, we performed high-resolution typing of DPB1 in cases by reverse line blot genotyping. DPB1 alleles are defined by typing of polymorphic positions in exon 2 and the DPB1 alleles were converted into exon 2 SNP data (Supplementary Table 3 ). The genotype data of the 11 strongly associated SNPs in the Corrected for multiple comparisons by 10 000 permutations in Haploview.
DPB1 region were merged with the exon 2 genotype data and imported into Haploview. 47 Seven extended haplotypes across the entire DPB1 region were detected (Table 4) , consistent with strong LD between SNPs in exon 2 of DPB1 and SNPs 3 0 of the gene (Supplementary Figure 3) . Linking the DPB1 SNP haplotypes with the DPB1 alleles, based on exon 2 polymorphisms, shows that the protective haplotype A occurs with the most common DPB1 allele *0401, as well as with *0201 and *0402. The risk haplotype B occurs with *0301 and *0601. Haplotype 3 is associated with *0101 and haplotype 4 with *0501 (Table 4) .
We next compared the DPB1 exon 2 allele frequencies in cases with data on allele frequencies in Swedish controls available at www.allelefrequencies.net. For DPB1*0201 and *0402, which were linked to the protective haplotype A, there was a tendency toward a lower allele frequency in cases compared with controls, but there was no apparent difference for the common allele *0401, or for the *0301 and *0601, which were linked to the risk haplotype (Supplementary Table 4) .
In order to further understand the molecular nature of the association, we investigated the amino-acid changes in exon 2 alleles linked to the associated haplotypes. The *0201, *0401 and *0402 alleles linked to the protective haplotype A all shared the amino-acid motif Leu-Phe-GlnGly at codons 8-11, whereas the *0301 and *0601 allele, linked to the risk haplotype 2, instead had Val-Tyr-GlnLeu at these positions ( Figure 3 ). Additional differences at the amino-acid level could also be seen at codon 57 where all alleles linked to the risk haplotype had Asp instead of Glu and at codon 65 where all alleles linked to the risk haplotype had Leu instead of Ile. Finally, there was a difference in the motif at the end of exon 2, residues 84-87, where the alleles linked to risk had AspGlu-Ala-Val and the alleles linked to the protective haplotype had Gly-Gly-Pro-Met. This comparison of the pattern of polymorphism in exon 2 and the SNPs and haplotypes in the DPB1 region associated with cervical cancer in situ indicates that the observed association may be because of a small number of amino acids encoding critical peptide-binding elements in the extracellular domain of the DPB1 molecule.
Discussion
We have performed the first pathway analysis in cervical cancer in situ using genome-wide genotype data. This type of analysis considers the joint effect of many contributing loci in a pathway and may therefore improve the statistical power to detect genetic effects in complex diseases, where most single variants have a limited effect on the genetic risk. 20 In addition, pathway analyses based on genome-wide data provide insight into the molecular networks that are involved in the susceptibility and can be used to identify candidate loci for genetic and functional follow-up studies. The current study examined 216 KEGG pathways using the SNP ratio test, and the results of the pathway analysis were not corrected for multiple comparisons. The issue of multiple testing is complicated by the fact that the same SNPs and genes occur in several different pathways; the pathways are not independent. Keeping this in mind, we propose that the results of the pathway should be considered as suggestive evidence generating ideas for further follow-up and evaluation.
The top-ranked pathway was Asthma, with the main signal of association coming from the HLA class II region. Asthma and allergy have previously been inversely correlated with the risk of cervical cancer. 17, 26 The next strongest pathway was that of Folate biosynthesis, where the associations detected were mainly related to the tissue nonspecific alkaline phosphatase (ALPL) gene. Mutations in this enzyme cause hypophospatasia; a metabolic bone disease characterized by defects in skeletal mineralization. 27, 28 Variants in ALPL have been associated with vitamin B6 serum levels; the enzyme mediates clearance of vitamin B6 with differing efficiency between variants. 29 The third strongest pathway was Graft-versus-host disease, again reflecting HLA class II genes and also two SNPs in the class I region and a SNP in the FAS receptor. This was followed by three pathways sharing the same empirical P-value: Antigen The frequency of DPB1-region haplotypes A and B in case groups stratified based on DQB1 alleles associated with risk (*0301, *0402, *0602) and protection (*0501, *0603) in the Swedish population. 12 All cases were assigned to one of the mutually exclusive groups: 'risk' (at least one risk allele and no protective allele), 'protective' (at least one protective allele and no risk allele), 'neither' (neither risk nor protective allele) or 'both' (both risk and protective allele). processing and presentation, Allograft rejection and Glycosylphospatidylinositol (GPI)-anchor biosynthesis.
Of the 11 top-ranked pathways, 6 were related to the immune response and this illustrates the significance of genes related to the immune response in general and, in particular, the presentation of antigen to natural killer cells and T cells in susceptibility to persistent HPV infection and cervical cancer. We also note that among the top-ranked pathways were the Gap Junction and Tight Junction pathways. This points to genes involved in regulating the adhesion and diffusion barriers of epithelial cells, which is of particular interest as the detailed mechanism of HPV entry into the cell is still unclear.
The association of variants in the MHC with immunerelated diseases is well known and several genes within the MHC have previously been associated with cervical cancer. Our group has reported linkage and association with the strongly linked HLA class II loci DRB1/ DQB1, 7, 30, 31 and it has also been proposed that DPB1 might add an independent effect. 30 The current study did not have the power to detect association with DQB1 and DRB1 because of lack of SNPs in these genes but instead clearly indicated the contribution of DPB1. Genotype data from the DPB1 region showed strong associations at both single SNP and haplotype level. The most common haplotype seemed to reduce risk whereas the second most common haplotype increased risk. Further analysis linking the SNP haplotypes in the DPB1 region to the classical exon 2 coding DPB1 alleles revealed that the protective haplotype was associated with DPB1*0201, *0401 and *0402 and the risk haplotype was associated with DPB1*0301 and *0601. A limitation of the study is that DPB1 exon 2 typing data were available in cases only; there were not sufficient data on DPB1 alleles in controls to perform an association analysis of the actual DPB1 alleles.
An interesting question is whether the association of DPB1 is independent of the established associations of DRB1/DQB1 or reflects LD with alleles in the DRB1/ DQB1 region. DRB1 and DQB1 are in strong LD in the Swedish population as well as in all populations tested. The genome-wide SNP data set did not provide sufficient coverage of these genes to study the wellknown associations with DRB1/DQB1, and there were no data available on the DRB1/DQB1 genotypes for the controls. In order to investigate the independence of the DPB1 association, cases were stratified based on carrier status of DQB1 risk and protective alleles, and the frequency of DPB1 haplotypes A and B were estimated within the strata. The frequencies of the DPB1 haplotypes were similar in cases carrying DQB1 risk alleles and cases carrying DQB1 protective alleles, supporting the notion that the observed DPB1 association is a separate effect. This inference is strengthened by the observation that, when the database allelefrequencies.net was searched for DRB1/DQB1/DPB1 haplotypes in Caucasians, both the risk haplotype DRB1*1501-DQB1*0602 and the protective haplotype DRB1*1301-DQB1*0603 occurred with DPB1*0201, *0301 and *0401. Thus, there is no evidence supporting a strong LD between the disease-associated DRB1/DQB1 haplotypes and the disease-associated DPB1 alleles. However, the lack of HLA typing in controls makes it difficult to completely rule out a LD effect.
The difficulty to disentangle associated loci in the MHC due to LD is a well-known issue in all diseases with an immunological component. Apart from the statistical challenges involved, most data sets do not have high-resolution typing of all HLA loci along with sufficient coverage of SNPs. Recently, a method that imputes classical HLA alleles based on MHC SNP data 32 has been used in an effort to identify the primary association signals in the MHC for seven immunemediated diseases. 33 Unfortunately, this method has not been extended to the HLA-DPB1 locus.
DPB1 encodes the b-chain of the HLA-DP a-b heterodimer, which is expressed on the cell surface of antigen-presenting cells. Exon 2 encodes the peptidebinding groove of the extracellular domain, and genetic variation altering the amino-acid sequence will influence the ability to bind and present different peptide antigens. It is known for other HLA class 2 b-chain genes, such as DQB1 (ref. 34) and DRB1 (ref. 35) , that there is strong LD between the region of exon 2 encoding part of the b-pleated sheet (codons 8-60) and downstream intron sequences, whereas the region of exon 2 encoding the first part of the a-helix (codons 61-78) shows less LD to other parts of the second exon or intron sequences. This pattern has been proposed to reflect extensive gene conversion involving the region of exon 2 encoding the part of the a-helix. 35 Consistent with this explanation, we detected strong LD between SNP haplotypes in the DPB1 region and motifs in the second exon encoding part of the b-pleated sheet of the b-chain.
In HLA class II molecules, five main pockets (pockets 1, 4, 6, 7 and 9) accommodate peptide anchoring residues. 36 These pockets are lined by polymorphic residues and the variation affects recognition by T cells as well as peptide specificity. Analysis of the binding repertoire of the five HLA-DPB1 alleles with the highest population frequency worldwide revealed that DPB1*0201, *0401 and *0402, which were found to be protective in the current study, together with *0101 and *0501, share largely overlapping peptide-binding motifs. DPB1*0301 and *0601, linked with the risk haplotype in the current study, were not included in the analysis. 37 The amino-acid motifs of alleles linked with the protective and risk haplotypes revealed clearcut differences for a small number of residues with locations in the class II molecule structure that are known to affect the repertoire of peptides bound. Diaz et al. 38 investigated the functional effects of HLA-DPB1 variants and reported that amino-acid changes at residues 8, 9 and 11 resulted in altered peptide-binding ability and residues 9 and 11 also influenced T-cell allorecognition. Molecular modeling indicated that variation at these sites affects pockets 6 and 9. DPB1 residues 84-87 are located near pocket 1. The substitution of these residues, corresponding to the difference between risk and protective alleles in our study, had a strong effect on both peptide binding and T-cell allorecognition. Molecular modeling suggested that although only residue 84 is involved in the formation of pocket 1, all four residues influence the interaction between the DPB1 a-and b-chains and affect the part of the binding groove that is in contact with peptide residues P-1 and P-2. 38 Taken together, these observations support the hypothesis that the differences in risk can be attributed to the amino-acid motifs in the extracellular peptide-binding domain of DPB1.
In conclusion, our study indicated that pathways related to the immune response are of importance for the development of cervical cancer in situ, and underscored the paramount importance of genes involved in antigen presentation for cervical cancer susceptibility. The pathway-based analysis pointed toward the MHC region, and the strongest effect was found to be due to HLA-DPB1. The ability to compare the association of polymorphic residues in the second exon with regional haplotypes allowed us to explain this association in a functional context and identify the set of amino-acid residues that are likely to affect the peptide spectrum presented by the HLA molecule.
Materials and methods
Genome-wide genotype data Table 5 summarizes the genome-wide data sets used in the present study. The case data set comprised 1140 cases selected from Swedish families with several affected. This cohort has been previously described. 30 All patients in this data set have at least one first-degree family member with the same diagnosis. The current study includes 942 individuals with one first-degree relative (mother, sister or daughter) and 39 individuals with two first-degree relatives also participating in the study as well as 159 individuals with no participating family member. The cases were from all over Sweden and diagnosed in 1964-1993 with cervical cancer in situ (cervical intraepithelial neoplasia stage III; n ¼ 1104) or invasive carcinoma (n ¼ 36). DNA from the patients was extracted from whole blood using standard methods. The samples were genotyped using the Affymetrix Genome-Wide Human SNP Array 5.0 using 500 ng genomic DNA (Affymetrix, Santa Clara, CA, USA). Genotypes were called using the Affymetrix Genotyping Console and the BRLMM-P algorithm, 39 which analyzes 440 794 SNPs. First-pass quality control of genotyping was performed using the Dynamic Model algorithm 40 that generates a quality control call rate by evaluating a set of 3022 selected SNPs.
The control group consisted of 1450 control individuals from the Swedish population (220 females and 1230 males). The controls were recruited as part of Swedish studies on type II diabetes and prostate cancer (selected from the CAPS cohort 41 ). For the present investigation the statistical analysis was based on a merged data set containing cases and the three sets of controls. Quality control and harmonization of the data sets was performed using PLINK. 45 For each data set, all individuals with o95% genotypes and individuals with heterozygous haploid genotypes were excluded. Markers displaying Hardy-Weinberg disequilibrium (Po1E-6) in any of the control sets were excluded from the full data set. Genotype data from the four data sets was merged and further quality control was applied to the full data set. Criteria were imposed in order to exclude markers with: (1) low genotype call rate (o90% overall), (2) heterozygous haploid genotypes, (3) multimapping sites, (4) differing allele frequency (Po1E-3) between the different sets of controls and (5) a minor allele frequency of o5%. In addition, SNPs displaying genome-wide significant differences between cases and controls were retyped using a different method in 36 case individuals to confirm the genotyping. SNPs displaying at least one inconsistent genotype between methods were removed.
In order to investigate population structure in the full data set, MDS analysis was performed. The MDS analysis was based on a matrix of identity-by-state pairwise distances; calculated in PLINK using a genome-wide subset of 88 070 markers in approximate LD. LD pruning was carried out with R 2 ¼ 0.5 as threshold. Plotting the first and second dimension from the MDS analysis provides an image of how similar the individuals in the data set are genetically (Figure 1 ). Individuals that appeared to be outliers by visual inspection were removed from the data set (Supplementary Figure 4) .
The final pruned data set used for association analysis consisted of 326 977 markers genotyped in 1076 cases and 1426 controls. Genome-wide association analysis The genome-wide association analysis was performed using logistic regression with the first two components of the MDS analysis as covariates. 46 The case sample includes cases from affected families; this should increase the statistical power to detect associations, but the interrelatedness of the sample might also result in inflated statistics. Another source of potential stratification is that the controls were from three separate data sets. Control data sets 1 and 2 were typed on the Affymetrix 500k arrays and control set 3 was genotyped on the same array as the cases, Affymetrix 5.0. In addition to the full data set, analysis was performed on a stringently selected subset of the data restricted to only one case from each family (n ¼ 617) and control set 3 (n ¼ 512) with genotypes from the Affymetrix 5.0 array. Quantile-quantile plots were used to check for stratification or systematic bias in the data set and Manhattan plots of Àlog 10 P-values were generated to illustrate the results across the genome. Adjustment for genomic control (GC) was calculated. The Bonferroni threshold for genome-wide significance (Po0.05 corrected for 326 977 tests) was estimated to 1.5E-07.
Pathway analysis
In order to explore the genome-wide SNP data set at another level, pathway analysis using the SNP ratio test was conducted. 23 The SNP ratio test identifies enrichment of association signals from genome-wide SNP data in a pathway context. For each pathway an empirical P-value is calculated that indicates how the ratio of associated to nonassociated SNPs in the pathway differs compared with ratios generated by simulated data sets. KEGG pathways 24 are connected to SNP identifiers using dbSNP gene annotation, which includes SNPs in upstream (5 kb) and downstream (2 kb) regions. 23 For the current study, 216 pathways (KEGG Feb 2011) were linked to dbSNPb129 using the Human Genome Organisation gene nomenclature. The SNP ratio test was carried out using 1000 alternative phenotype simulations generated in PLINK and Po0.05 as threshold for significance. The empirical P-values for each pathway were not adjusted for multiple comparisons. Analysis was based on results from allele-based tests of association (w 2 test, 1 d.f.) corrected for genomic control, in the full data set (1076 cases and 1426 controls). For the topranked pathways, details regarding the genes and SNPs displaying associations were extracted.
Analysis of association within the MHC
To further investigate the association signals coming from the MHC region on chromosome 6p22, we examined the classical MHC region, defined as 20 kb upstream and downstream of the region between MOG and COL11A2. Gene coordinates were based on information from the University of California Santa Cruz (UCSC) genome browser on the human Mar. 2006 (NCBI36/ hg18) assembly. Genotype data were extracted from the genome-wide data set and reanalyzed by allele-based tests of association (w 2 test, 1 d.f.), corrected for genomic control in the full data set (1076 cases and 1426 controls). Odds ratios with 95% confidence intervals were calculated with the minor allele as reference. The results were visualized by plotting Àlog 10 P-values along the chromosome using the UCSC Genome Browser.
For MHC SNPs with P GC o1E-3 association analysis was repeated in the stringently restricted data set comprising one case per family (n ¼ 617) versus controls genotyped on the Affymetrix 5.0 array (n ¼ 512), as well as in all cases (n ¼ 1076) versus female controls (n ¼ 220).
HLA-DPB1 analysis Haploview 47 was used to construct haplotypes for strongly associated SNPs in the DPB1 region. Haplotypes with frequency o1% in cases or controls were excluded. Association was analyzed by comparing the frequency of haplotypes in cases and controls. In order to correct for multiple testing, 10 000 permutations were used. Association of haplotypes was evaluated in the full data set (1076 cases and 1426 controls) and in the stringently restricted data set (617 cases and 512 controls).
To evaluate independence of the effect of HLA-DPB1 from previously reported association with HLA-DQB1, the cases were stratified based on carrier status for DQB1*0301, *0402, *0602, previously shown to increase risk in this population, and DQB1*0501 and *0603, which decrease risk. 31 All case individuals were assigned to one of the following mutually exclusive groups: 'risk', 'protective', 'neither' or 'both' based on their DQB1 alleles. Individuals carrying at least one risk allele but no protective allele were assigned to the 'risk' group and individuals with at least one protective allele but no risk allele were assigned to the 'protective' group. The third group consisted of cases with neither risk nor protective alleles and the final group consisted of cases with alleles of opposing effect.
HLA-DPB1 typing was performed on the 1076 cases using a linear array of immobilized sequence-specific oligonucleotide probes developed by Roche Molecular Systems (Pleasanton, CA, USA) according to previously described methods 31, 48 DPB1 alleles are defined by polymorphism in exon 2 and the hybridization of specific sets of probes reflects a certain sequence for each allele. Alignments of DPB1 alleles were produced using the sequence alignment viewer in dbMHC and the sequence of each HLA-DPB1 allele was converted to the corresponding DPB1 exon 2 SNP haplotype. Extended haplotypes linking the genotyped SNPs in the DPB1 region to the genotypes of exon 2 DPB1 alleles were constructed in Haploview. The contribution of different exon 2 amino-acid motifs was investigated.
For comparison, HLA-DPB1 allele frequencies for Swedish controls derived from three separate studies, [49] [50] [51] including one from our own group, were downloaded from www.allelefrequencies.net. 52 
Conflict of interest
The authors declare no conflict of interest.
on samples regionally selected from Sweden obtained from the data source funded by the Nordic Center of Excellence in Disease Genetics. The study from which control set 1 originated was supported by Novartis Pharmaceuticals, Sigrid Juselius Foundation, Folkhälsan
